The main objective of this study was to characterise the cassava bagasse and to evaluate its addition in composites. Two cassava bagasse samples were characterised using physicochemical, thermal and microscopic techniques, and by obtaining their spectra in the mid-infrared region and analysing them by using x-ray diffraction. Utilising sorption isotherms, it was possible to establish the acceptable conditions of temperature and relative humidity for the storage of the cassava bagasse. The incorporation of cassava bagasse in a low-density polyethylene (LDP) matrix was positive, increasing the elasticity modulus values from 131.90 for LDP to 186.2 for 70% LDP with 30% SP bagasse. These results were encouraging because cassava bagasse could serve as a structural reinforcement, as well as having environmental advantages for its application in packaging, construction and automotive parts.
INTRODUCTION
Cassava (Manihot esculenta Crantz) is a key tropical crop that is grown in the tropical and subtropical areas in the world due to its excellent ability to adapt to different climatic and soil conditions and because it produces high yields of starch (Utsumi et al. 2012; Maieves et al. 2012; Rosenthal et al. 2012) . Brazil was till recently the third largest world producer of cassava, with a production of 24 million tonnes, representing 10.5% of the global market of cassava roots (FAO 2010) . Maieves et al. (2012) studied ten Brazilian cassava cultivars and found starch and total fiber contents ranging from 72.92 to 74.51% and from 4.70 to 7.12%, respectively on dry basis. Differences in the chemical composition of cassava roots are related to genetic diversity, environmental conditions, and agricultural practices. The processing of cassava roots for starch production generates residues, and the most abundant solid fraction is called bagasse, which is a fibrous, starchy, very moist material that results from the process (Teixeira et al. 2009; . Cassava bagasse is a fibrous by-product containing around 50% of starch on dry weight basis (Maieves et al. 2011) ; for each ton of fresh roots when processed, another ton of cassava bagasse (85% moisture) is produced (Pandey et al. 2000) . The moisture content of the bagasse when it leaves the processing is very high, around 85%, which makes it difficult to store and transport; the material consequently has a very high level of perishability. Its dry matter contains starch and fibrous compounds in almost equivalent proportions, with low levels of minerals, proteins and lipids that together make up less than 5% on dry basis (Teixeira et al. 2009 ). Natural fibres are valued in many industrial fields due to the fact that are renewable, biodegradable and, in many cases could be a sustainable way of production. In Brazil, there are numerous natural sources of fibre, such as those from banana, coir, cotton, pineapple, sisal, sugar cane, coconut, etc. There are several studies about their properties and applications (Satyanarayana et al. 2007) . As an example of the utilisation of natural fibre in industrial products, Ashori (2008) published a review of wood-plastic composites and their importance for the automotive industry as promising 'green' composites with both the ecological and technical advantages of vegetable fibres to reinforce polymers. The article emphasised the possibility of improvement in mechanical strength and acoustic performance, the reduction of material weight and fuel consumption, lower production costs and biodegradability. Other advantages associated with the bio-composites include improved impact resistance and heat re-formability, with a cost less than that of comparable products made from plastics alone (Ashori and Nourbakhsh 2009 ). Composites reinforced with natural fibre blends have shown enhanced tensile and flexural properties, with higher mechanical properties than nylon 6 (suitable for automotive application especially under-hood applications), indicating the potential use of natural fibre blends for specific uses in the automobile industry (Ozen et al. 2013 ). According to Akil et al. (2011) , vegetable fibres include bast fibres (or sclerenchyma), leaf or hard fibres, seeds, fruit, wood, cereal straw, and other grass fibres, most of which are composed of cellulose, hemicelluloses, lignin, waxes, and several water-soluble compounds, where cellulose, hemicelluloses, and lignin are the major constituents. Vegetable fibres have been used as a reinforcement of plastics and composites due to advantages such as lower density and good mechanical properties, as well as their economical and environmental advantages (Schmidt and Laurindo 2010; Debiagi et al. 2011 ). If one is to consider cassava bagasse as potential polymer filler, it is important to know about its composition because, apart from containing cellulose and hemicelluloses, it also contains a high amount of starch, a natural polymer that has a high polarity due to the presence of large amounts of hydroxyls in its macromolecules, which interact with lignocellulosic fibres, resulting in improved mechanical properties (Corradini et al. 2008 ). Low-density polyethylene has been studied as a composite matrix owing to its significant material flexibility, strength and durability (Kuila et al. 2011 ). In the literature, several natural fibres, such as coconut fiber, cellulose pulp fiber, doum palm fiber and banana stem fibre have been used to reinforce the low-density polyethylene (Brahmakumar et al. 2005; Sdrobiş et al. 2012; Khan et al. 2013) . The objective of the present study was to evaluate the feasibility of using cassava bagasse in composites.
MATERIALS AND METHODS
Cassava bagasse samples were collected directly from two industrial plants, one in Paraná State (PR) and another in São Paulo State (SP). The samples were coded PR and SP, respectively. The PR was brought moist from the factory in Paraná and was transported from the processing plant at room temperature (25°C) for around four hours, then frozen at -18°C and kept until the use. This PR sample was dried in the laboratory using a circulating oven at 50°C/72 h, whereas the SP sample was dried in the industrial plant and collected as a dry flour (the drying of previously squeezed bagasse in a filter press was performed in a steam jacketed industrial dryer). The dried bagasse samples were ground (IKA Universal mill model M 20, Staufen, Germany) and sieved to obtain fine flour (< 250 µm). The selection of the two industrial plants was based on the fact that one of them had an industrial-scale bagasse drying system and the other was a well qualified factory with a good reputation and which donated the sample.
Chemical composition of the bagasse samples
The chemical composition of the bagasse samples was determined for moisture, protein, fibre, mineral residue and lipids (AOAC 2000) . Starch content was assessed after enzymatic hydrolysis and glucose quantification (Demiate et al. 2001) . Total carbohydrates were calculated by difference; all the assays were carried out in three repetitions.
Colour of dried bagasse samples and composite specimens
The colour measurements were carried out by employing a Hunter lab Miniscan EZ spectrophotometer (Hunter Associates Laboratory, Reston, VA, USA), considering the L*, a* and b* parameters, where a* was the red (+a*) to green colour (-a*); b* was the yellow (+b*) to blue (-b*) colour; L was the luminosity, from white (L=100) to black (L=0) (Harder 2007) . Both the dried bagasse powder and the composite specimens were analysed.
Atomic force microscopy
The samples were observed using a Shimadzu SPM 9600 (Shimadzu Corporation, Kyoto, Japan) equipment, which was able to produce threedimensional surface images of several kinds of materials. The non-contact AFM technique was employed and the samples were analysed at room temperature after being densely compacted in the conditions for the samples to be spread directly onto a sticking tape fixed on an AFM sample holder (Juszczak 2003) .
Scanning electron microscopy of the composite specimens
The fractured surface of the composite specimens was also observed using the SEM technique (Shimadzu, EDX SS-550, Kyoto, Japan) after immersion in liquid nitrogen (Kaewtatip and Thongmee 2013 ).
X-ray diffraction of bagasse
The X-ray diffractograms were collected in a Rigaku Ultima IV (Rigaku, Tokyo, Japan) machine with CuKα (λ = 1.544 Å) radiation at 40 kV and 20 mA (Beninca et al. 2008 ). The analysis was carried out at 20°C in a 2 θ angle range of 7-30° with a measuring period of 5 s/2 θ.
FTIR spectroscopy of the bagasse
The FTIR spectra were produced using a Shimadzu FT-IR 8400 (Shimadzu, Kyoto, Japan) spectrophotometer in the region of 4000 to 700 cm -1 , with the samples properly dispersed in KBr pellets as described elsewhere (Demiate et al. 2000) .
Differential scanning calorimetry (DSC) of bagasse
In this analysis, 2.0 mg of sample (dry basis) was weighed in aluminium sample pans and distilled water was added (1:6, starch: water), resulting in a dispersion that rested for 1 h for equilibrium. The pans were closed with proper lids in order to prevent water loss during the heating. The DSC device (Q-200, TA Instruments, New Castle, USA) was programmed for heating at 10ºC min -1 rate, from 30 to 95°C. The equipment was calibrated with indium standard (99.99%, melting point of 156.6ºC, ∆H = 28.56 J g -1 ). Sealed aluminium pans were used (sample and reference). Endothermic curves with the correspondent onset and peak temperatures were produced, as well as the transition enthalpies (J g -1 ) (Vatanasuchart et al. 2005) .
Sorption isotherms of the bagasse
Sorption isotherms were made according to Moraes et al. (2007) . The samples of cassava bagasse had their moisture values equilibrated at 45°C/48 h in a circulating oven. Approximately 1.0 g of sample was weighed in a small aluminium foil container and kept in hermetic glass recipients, which had different relative humidity resulted by H 2 SO 4 (d=1.84) solutions at different concentrations (5, 10, 20, 30, 40, 50, 55, 60 and 70% v/v) , and a recipient with distilled water. The hermetic glass recipients were kept at constant temperatures (20 and 30°C) in BOD incubators (BOD AL 200 American Lab, Charqueada, SP, Brazil) for 20 days. These samples were weighed daily in an analytical balance (ADA 210/C, Adam Equipment, Danbury CT, USA), presenting constant weight at the end of the period. Moisture on dry basis was calculated by using equation 1: Xdb = remaining water / dry matter (1) The sorption isotherms were drawn using Statistica 5.0 (Statsoft, Tulsa, OK, USA) software and using the Halsey model for adjustment. The constants (A and B) were obtained by linear regression (Quasi-Newton method) using the software (Statistica 5.0), choosing the best fit model by considering the R² value. The Halsey adjustment was defined by equation 2:
(2) Where: a w = water activity (decimal); A and B = Halsey adjustment parameters; X = equilibrium moisture content in dry basis.
Testing cassava bagasse in composite production, single-screw extruder processing
The composites were produced using two bagasse samples in different amounts in a matrix of lowdensity polyethylene (Braskem, PB 681, Braskem, SP, Brazil) , with a fluidity index of 3.8 (g/10 min), for obtaining composites with modified characteristics. The mixtures were made with 10, 20 and 30% of cassava bagasse, using a total of six different types of composites. The composites were produced in a single-screw extruder (Ciola ME-30, Ciola, SP, Brazil) that was kept at 160ºC and 50 rpm. The composites were produced in strip form and cooled in a gutter with flowing water; they were then cut into small pellets. These pellets were dried in a circulating oven (TE 394/2, TECNAL, SP, Brazil) at 60°C/ 24 h to remove the moisture and to avoid mould growing on the surface. After drying, the pellets were stored in hermetic flasks.
Obtaining the composite samples
The composite pellets were processed in a plastic injection moulding machine (Boy-55M, Dr. Boy GmbH & Co., Neustadt-Fernthal, DE). The mould was kept at room temperature by continuous cooling with flowing water. The average dimensions of the specimens were 60 mm length, 9 mm width and 4 mm thickness for all the studied samples.
Mechanical tests
The composite samples were evaluated with a Shimadzu universal testing machine (AG-I, Shimadzu, Kyoto, Japan) for ultimate strength and elasticity modulus. The tests were carried out with 12 tie-shaped specimens for each composite formulation and the operating conditions were: test velocity 5 mm min -1 and maximum load 9,500 N (ASTM D 638, 1999). Table 1 shows the physicochemical characteristics of the cassava bagasse samples. The results of the physicochemical characterisation of the two bagasse samples were close to those previously reported by Pandey et al. (2000) . However, there were some differences, which might have been related to different cassava cultivars, as well as to the production region and climate, harvest time and industrial processing technology (Chavalparit and Ongwandee 2009), among other factors. Besides starch, the bagasse samples presented high amounts of fibre, as expected for this type of plant material. The other components, mainly ash, protein and lipids, were only found in low amounts.
RESULTS AND DISCUSSION

Physicochemical characterisation of cassava bagasse
Colour of the bagasse samples and of the composite specimens
As the two samples considered in this study were visually different in colour, which was measured using a spectrophotometer. The L*, a* and b* parameters are shown in Table 2 . The SP sample had the lowest luminosity, which might have been associated with the industrial drying conditions. The a* value indicated red colour (a+) whereas the b* value indicated yellow colour (b+). The results for the two samples as shown in Table 2 indicated a red colour tendency for the PR sample. For the b* parameter, all the samples had a tendency to yellow colour, with the highest value for the PR sample. The composite specimens were also evaluated and the results were in accordance with the respective bagasse samples employed for producing the extruded material. For the highest bagasse concentrations (30% m/m), the L, a* and b* values for the samples SP and PR were 27.38 and 35.03, 3.55 and 7.11 and 5.83 and 11.50, respectively.
Microscopic analysis Atomic Force Microscopy
The NC-AFM technique enabled to obtain threedimensional surface images of the particles that formed the bagasse samples, as well as of the starch granules, and it was also possible to evaluate the mean rugosity of the samples. Figure  1 (A-B) showed that the image from the PR bagasse sample was similar to cassava starch, which could be explained by their drying conditions and high starch content. Table 2 also shows the rugosity (ra) values for the PR bagasse sample. In this study, with the selected sample preparation and the available equipment, it was not possible to calculate the rugosity of the bagasse sample coded as SP due to its high fibre content, which was associated with the more severe drying technique and which made the sample pellet surface become excessively rough and irregular.
Scanning electron microscopy
The SEM images (Figs. 1C-D) of the extruded composite specimens showed starch granules inside the polyethylene matrix, and in most cases, the distribution was not homogenous. This was expected due to the fact that native starch granules were hydrophilic. 
X-ray diffractograms
Starch is stored in the plants as semi-crystalline granules arranged in concentric layers (Larsson 1991 ). X-ray diffractrometry permits the identification of crystallinity in starchy samples. Starch granules are present in high amounts in cassava bagasse and they present relative crystallinity (between 15 to 45%), which is related to the presence of amylopectin. The X-ray diffractrogram of cassava starch classified it as Atype, presented peaks at 2θ angle in 15.3º, 17.1º, 18.2º and 23.5º (data not shown). The bagasse sample coded as PR (Fig. 2) had a similar pattern to that of the cassava starch, described as A-type, which was related to the high starch contents (46.9% m/m) of the bagasse sample as well as similar drying procedures. The bagasse sample identified as SP presented a different behaviour, which was related to the severe industrial drying conditions that also made this sample darker than the PR sample. The diffractogram from the SP sample (Fig. 2) showed a loss of crystallinity and consequent structural disruption of the starch granules, indicating that the thermal treatment promoted starch gelatinisation. Starch gelatinisation is related to the loss of birefringence, or loss of structural organisation, and for cassava starch, this phenomenon occurred in a range from 60 to 70°C (Sangseethong et al. 2009 ). Heating the starch present in cassava bagasse in the presence of high water content causes the rupture of hydrogen bonds, which weakens the granular structure.
Mid-infrared spectroscopy (FT-IR)
As reported by Van Soest et al. (1995a) , crystalline ordered regions in the starch granules absorbed in 1,047 cm -1 whereas their amorphous counterpart absorbed in the region of 1,022 cm -1 . Peaks between 1,080 and 1,110 cm -1 are attributed to C -O, C -C and O -H stretching (Goodfellow et al. 1990; Van Soest et al. 1995b ). These absorbance peaks are represented by amylose and amylopectin, which are rich in the above chemical bonds. The FTIR spectra confirmed the high amount of starch in the cassava bagasse samples. Maia et al. (2011) reported that peaks at 3,300 cm -1 were due to hydroxyl stretching, which was always abundant in polysaccharides. At 2,900 cm -1 , C-H stretching is also present in polysaccharides.
Peaks close to 1,730 cm -1 are related to carbonyl groups and may indicate, in the specific case of bagasse samples, their conservative condition, as this peak is absent in natural starch (Fringant et al. 1996) and is present only in certain types of acidic or oxidised modified starches, with the presence of carbonyl groups. This carbonyl peak was present in the bagasse samples, although it was unexpected. The acidity values of the bagasse samples were measured and expressed in lactic acid as 0.04 and 0.34% (w/w) for the PR and SP samples, respectively. The SP and PR samples presented an absorbance peak that might have been associated with the presence of a carboxyl group at 1,730 cm -1 , suggesting the presence of organic acids due to bad conservation of the samples after industrial starch extraction and before drying. As this material has a very low commercial interest for the cassava starch processors, it is not treated with care and is stored in bad conditions at high temperatures. All the samples presented peaks at 1,656 -1,640 cm -1 , which was related to the interaction of water with fibre and starch in the bagasse (Vercelheze et al. 2012 ). The FTIR spectra showed high similarity between the bagasse samples (Fig. 3) . 
Thermal Analysis -differential scanning calorimetry (DSC)
The DSC analysis showed a pattern that was related to the granular starch content in the PR bagasse, as the temperature of gelatinisation for cassava starch was around 65ºC, in accordance with the literature (Sangseethong et al. 2009 ). When heated in a controlled way, the industrial bagasse sample PR (Fig. 4) also presented a pattern that resembled cassava starch. The peak temperature was 68.22ºC, with onset at 59.57ºC, and final at 71.09ºC, with enthalpy variation of 9.61 J g -1 (Table 2 ). The starch content of this bagasse sample was 46.90% (Table 1) . The SP sample (Fig. 4) was dried in industrial conditions at higher temperatures and did not present gelatinisation peaks due to the fact that this phenomenon had already occurred during drying. The bagasse colouration was also darker, indicating that a severe drying condition had been adopted (Table 2) , with luminosity (L*) of 57.43%, the lowest among all the samples. It is noteworthy that cassava bagasse drying is mandatory for thermal behaviour as it contains a high concentration of starch as well as high water content and gelatinisation takes place during the processing. 
Sorption isotherms
The PR and SP bagasse samples were evaluated for moisture equilibrium (dry basis moisture) and, as expected, it increased in relation to increasing Aw (Fig. 5 ) due to the hygroscopic behaviour of the material. When the temperature was increased, the equilibrium moisture decreased (Fig. 5 ). This kind of behaviour was also found by Cassini et al. (2006) for soybean protein and it was related to the fact that as temperature increased, the vapour pressure in the samples also increased, accelerating moisture transfer from the inside to the surface of the material. The energetic molecular state changes with higher temperatures, decreasing the attractive forces, which results in a lower sorption degree, or lower hygroscopicity in a relative humidity (Jamali et al. 2006 ). The PR sample had the lowest value for equilibrium moisture, whereas the SP bagasse had the highest for both the temperatures (20 and 30°C). After 20 days of experiments, the SP and PR samples exhibited fungal growth (at atmosphere, with sulphuric acid concentrations of 0 and 10%) and consequently, deterioration of these samples occurred due to high water availability that was absorbed from the environment. The isotherms were adjusted using the Halsey model, which was well suited to the foods and starchy materials, such as cassava, corn, potato and wheat (Kurozawa et al. 2005 ). The Halsey model was dependent on two parameters (A and B) and best fitted for the cassava bagasse samples with the highest R-value (Table 3 ). The lowest Rvalue of 0.9813 was for the SP sample. 
Mechanical properties of the composites
In general, the fibre components of composites increase mechanical resistance due to the entanglement mechanism with polymeric chains and the due to the fact that an adhesion between them is provided. The blends were produced in a single-screw extruder, which was not efficient regarding homogeneity due to the lack of dispersive and distributive mixture. Due to this feature, the tensile assay revealed that all the composites broke easier than pure low-density polyethylene. This could have been related to nucleation and crack propagation due to incomplete mixture of the constituents of the composite during the injection of the specimens. This could be observed in Fig. 1 (C-D) where the bagasse distribution was not homogenous. The mechanical assays for the elasticity modulus and ultimate tensile strength are shown in Table 4 . The ultimate tensile strength is the maximum value of stress verified in a stress-strain curve, being the ultimate resistance to tensile effort. The highest value was found for the neat low-density polyethylene. In the composites, there was a decrease in the value of ultimate tensile strength as the content of bagasse increased, corroborating the observation of nucleation and crack propagation mechanism due to inefficient mixture. However, the composites with added cassava bagasse were stiffer than pure low-density polyethylene, which was demonstrated by the higher elasticity modulus values that resulted from increasing the levels of added bagasse. For both the samples, the high fibre content resulted in better mechanical properties compared to pure polyethylene. However, the SP bagasse sample presented the highest value, which could have been related to its higher starch content (46.90%). As mentioned above, mechanical properties depend upon adhesion between polymeric matrix and the filler added: fibre and starch bagasse, in this case. Considering the differences in the polarity of both (nonpolar low-density polyethylene and polar bagasse) and the low mixture efficiency due to the processing in a single-screw extruder, one would expect a lack of adhesion between these phases. However, the higher presence of starch can improve the adhesiveness between bagasse and the matrix, improving the mechanical properties, along with high fibre values. Furthermore, due to the way it was processed, the SP bagasse had a rough and irregular surface (Fig. 1B) , which enabled the bagasse to increase the adhesion in the matrix. The elastic modulus had an increase above 75% when 30% SP bagasse was used. Some reported disadvantages of using biofibres in composites are their low resistance to processing temperatures (Ornaghi 2012) , variability in mechanical properties, high sensitivity to environmental conditions (temperature and relative humidity), dependence on soil conditions, harvesting time, and post-harvest processing. Some advantages of natural fibres are the fact that they are less abrasive than the artificial fibres commonly used as reinforcement; they are biodegradable materials and represent a new source of income for rural populations. They have low density and high deformability and relatively low-cost if compared to currently employed reinforcements.
CONCLUSION
The cassava bagasse presented different starch contents and high fibre values, which was related to the processing conditions, as well as colour and appearance. These differences were also confirmed through the instrumental analysis of AFM, DSC and colorimetry. The X-ray diffractograms showed that the PR sample presented A-type pattern, whereas the SP bagasse sample did not present the typical pattern due to its drying conditions, which promoted starch gelatinisation. FTIR spectra of the tested bagasse samples were similar to the cassava starch spectrum, except for the absorbance peak at ~1,730 cm -1 , which was typical of a carboxylic group. The DSC enabled the confirmation of starch gelatinisation in the SP bagasse sample, which was related to its drying conditions, as well as the granular starch presence in the PR sample. Sorption isotherms allowed acceptable conditions to be established (temperature and relative humidity) for the storage of the cassava bagasse. Considering a temperature of between 20 and 30°C, the maximum relative humidity for good preservation would be 60%. The utilisation of cassava bagasse in the composites with lowdensity polyethylene matrix could be possible, with structural reinforcement acting as filling. This could avoid using potentially toxic synthetic conventional materials and could provide environmental advantages.
